. In all cholinergic neurons tested (n = 39), bath application of NT (20-200 nM for l-4 min) produced, via a direct mechanism, a membrane potential depolarization associated with a decrease in apparent input conductance. Most significantly, NT led to the emergence of a very prominent slow rhythmic bursting pattern that could shape into complex spindle-like sequences that were intrinsically generated by the cholinergic cells. These NT actions were also accompanied by a reduction of both the slow afterhyperpolarization and TOR. Bursting oscillations relied on the activation of Ca*+ conductances as opposed to Na+ conductances, since they were absent during Ca*+-conductance block with MrV+, but still occurred in the presence of the Na+-channel blocker TTX. NT actions were specific, since they could be reproduced by application of the active (NT 8-13) but not of the inactive (NT l-8) fragment of the peptide. Identification of the BF cholinergic neurons as direct NT targets was further provided by confocal laser scanning microscopic demonstration of internalization of a fluoresceinylated derivative of NT (fluo-NT) within biocytin-filled, electrophysiologically identified cholinergic
neurons. The results demonstrate the electrophysiological functionality of NT receptors on BF cholinergic neurons and the existence of a receptor-mediated internalization of NT in these cells. They also suggest that the peptide is an im-
The basal forebrain magnocellular complex (BF) constitutes the major source of cholinergic innervation to the cerebral cortex (Shute and Lewis, 1967; Rye et al., 1984) , and compounded evidence indicates that BF cholinergic neurons play a critical role in the control of cortical arousal. Thus, ACh has long been known to be maximal during cortical activation (Kanai and Szerb, 1965; Celesia and Jasper, 1966; Jasper and Tessier, 197 1) and to decrease with the disappearance of low-voltage fast activity (the typical EEG desynchronized or arousal pattern) following lesions of the BF (Lo Conte et al., 1982; Stewart et al., 1984; Buzsaki et al., 1988) . In turn, stimulation of the BF has been shown to result in cortical ACh release and cortical activation (Belardetti et al., 1977; Casamenti et al., 1986; Kurosawa et al., 1989; Metherate et al., 1992) . On the other hand, since there is also considerable evidence that the BF participates in the regulation of sleep (Sterman and Clemente, 1962; Detari and Vanderwolf, 1987; Szymusiak and McGinty, 1989) , it appears that BF neurons may influence cortical-functional state across the sleep-waking cycle. Over the last decade, numerous chemomorphological studies have demonstrated that the BF is in fact comprised of a heterogeneous population of neurons. The cholinergic cells appear to be outnumbered by GABAergic neurons (Onteniente et al., 1986; Gritti et al., 1993) , many of which also project to the cortical mantle (Kohler et al., 1984; Zaborszky et al., 1986; Fisher et al., 1988) . Moreover, a large proportion of BF neurons are peptide immunoreactive (Melander et al., 1985; Walker et al., 1989 ) and a profuse peptidergic innervation has been demonstrated immunohistochemically in the immediate entourage of BF cholinergic cells (Khachaturian et al., 1984; Candy et al., 1985; Haber and Watson, 1985; Smith et al., 1985; Mai et al., 1987) . In this respect, the tridecapeptide neurotensin (NT) appears to occupy a strategic position in terms of putative interaction with BF cholinergic cells (Morin et al., 1993) . Furthermore, both light and electron microscopic studies have demonstrated a selective association of high-affinity NT binding sites with BF cholinergic neurons (Szigethy et al., 1989 (Szigethy et al., , 1990 .
In freely behaving rats, intracerebroventricular administration of NT has been shown to produce an awakening effect and an increase in limbic theta rhythm activity (Caste1 et al., 1989) that is known to accompany neocortical desynchronization (Green and Arduini, 1954; Vanderwolf, 1969 Vanderwolf, , 1975 Vanderwolf, , 1988 . Since the cholinergic neurons of the BF play a crucial role both in limbic theta rhythm generation and neocortical desynchronization (Robinson et al., 1977; Bland, 1986; Buzsaki et al., 1988; Stewart and Fox, 1990) , the above effects may have resulted from the actions of NT on the BF cholinergic cells.
In this context, the present study was undertaken to examine the possible neuromodulatory actions of NT on BF choline& neurons in guinea pig brain slices. The identification of recorded cells as cholinergic could be achieved on electrophysiological basis since a distinct property of these neurons is their voltagedependent switching from repetitive single spiking to lowthreshold doublet bursting as recently demonstrated in an electrophysiological analysis of immunohistochemically identified BF cholinergic cells . Furthermore, we took advantage of a recently developed fluoresceinylated derivative of NT (fluo-NT) to visualize directly the site of action of the neuropeptide, using confocal scanning laser microscopy. The present results demonstrate that NT not only binds to, but is internalized in cholinergic cells and that it directly affects multiple electrophysiological features ofthese neurons. Remarkably, NT promotes rhythmic multiple-spike burst oscillations that may develop into complex spindle-like sequences.
Preliminary results have been published in abstract form .
Materials and Methods
Brain slices were derived from male guinea pigs (125-200 gm) following standard procedures. Briefly, animals were decapitated under Nembutal (30 mg/kg) anesthesia and the brain was rapidly removed and blocked. A slab of tissue containing the basal forebrain was placed in a cold (6-1 O°C) oxygenated Ringer's solution (see below) and cut in the coronal plane (400 pm) using a vibratome. Slices were then allowed to recover at room temperature for at least 2 hr in oxygenated incubation chambers. For recording, a single slice was transferred to a recording chamber, submerged ai 34 + i°C and superfused with a solution containing (in rnMj 124 NaCl. 5 KCl. 1.2 KH,PO,. 2.4 CaCl,. 2.6 MaSO,. 26 NaHCO,. and'10 glucose. The PH was ahjuiied to 7.4 iy sat&tin; with 95% d; and 5% CO,. In those experiments where Mn*+ was used to block Ca2+ conductances, a phosphate-free medium was employed. Intracellular glass electrodes were filled with 2-3 M potassium acetate (tip resistance 60-l 20 MQ) or l-2% biocytin in 2-3 M potassium acetate (SO-1 50 MR). Signals were amplified (Axoclamp 2A used in bridge mode), digitized (Neuro-Corder), visualized on line on a digital storage oscilloscope (Tektronix) as well as stored on videotape for subsequent analysis on a 386-based computer. The apparent input resistance ofthe cells was measured from the voltage deflection induced by a 0.1-0.2 nA hyperpolarizing current pulse from rest. Tetrodotoxin, neurotensin (NT), neuromedin-N, and the active and inactive fragments of NT (NT 8-l 3 and NT l-8, respectively) were purchased from Sigma. The fluoresceinylated derivative of NT (fluo-NT) was synthesized in our laboratory (M. P. Faure, P. Gaudreau, I. Shaw, N. R. Cashman, and A. Beaudet, unpublished observations). All drugs were applied to the preparation dissolved in Ringer's solution.
Slices in which neurons had been filled with biocytin were fixed with 4% paraformaldehyde in 0.1 M PO., buffer for 30 min at room temperature, cryoprotected overnight in 0.1 M PO, buffer containing 30% sucrose anh sectioned at 45 irn on a freezing. microtome. Sections were collected in 0.1 M PO, buffer. brieflv rinsed in 0.1 M Tris-saline (TBS).
I < , ,_ incubated 2 hr at room temperature with a 1: 100 dilution of streptavidin-Texas red (Jackson) in 0.1 M TBS containing 0.1% Triton-X, washed in TBS (3 x 5 min), mounted on gelatinized glass slides, and coverSliDDed with Aauamount. Sections were examined under a L&a confoEa laser scanning microscope (CLSM) configured with a Diaplan inverted microscope equipped with an argon ion laser [488 nm; for the excitation of both fluorescein isothiocyanate (FITC) and Texas red] with an output power of 2-50 mV and a VME bus MC 68020/6888 1 computer system coupled to an optical disk for image storage. Micrographs were taken from the image monitor using a Focus Image Corder (Focus, CA).
Single (10 pm thick) or serial (0.12 pm thick) optical sections were generated per scanning sequence. Images were collected at a slow scan rate (4 se&can) with enhanced sensitivity, and were averaged over 32 scans to improve image quality. The gain and black levels were set manually to optimize the dynamic range of the image while ensuring that no region was completely suppressed (intensity = 0) or completely saturated (intensity = 255). Single images were used for high-resolution recording of intracellular fluo-NT distribution and reconstructed images (i.e., stack up of 25 serial sections) were used for demonstration of double labeling.
Results
Electrophysiological profile of BF cholinergic cells Intracellular recordings were obtained from a total of 85 neurons from a restricted region of the BF comprising the substantia innominata-magnocellular preoptic area and horizontal limb of the nucleus of the diagonal band of Broca (Fig. 1) . A group of 54 cells in this region (to simplify hereafter refer to as BF) displayed a distinct electroresponsiveness (Figs. 2,3 ) that closely corresponded to that recently demonstrated by Khateb et al. (1992) to be typical of ChAT-immunoreactive nucleus basalis neurons.
Basal forebrain cholinergic cells were characteristically silent at the resting membrane potential of -68.3 f 3.3 mV (mean + SD; range, -63 to -72 mV) and had an input resistance of -62.5 + 17.8 MR. Depolarizing current pulse injection from the resting membrane potential (V,,) triggered in these cells an all-or-none active response that consisted of a low-threshold regenerative potential typically crowned by two (l-3) relatively broad (l-2 msec) action potentials ( Fig. 2A) . Previously shown to rely on a Ca*+-dependent low-threshold spike (LTS) , this response (hereafter referred to as low-threshold burst) was always both preceded by a slow ramp depolarization and followed by a large-amplitude (1 O-20 mV) and long-lasting afterhyperpolarization (sAHP) ( Fig. 2A) . When depolarized from a voltage level positive to about -55 mV, the BF cholinergic cells displayed single spiking (Fig. 2B ). Hyperpolarizing current pulses applied from a V,,, positive to -60 mV always generated a delayed return to baseline, thus revealing TOR ( Fig. 20 In addition, hyperpolarizing current-pulse injection also demonstrated a previously unnoticed though prominent fast inward rectification (Fig. 2C ). In consequence, the instantaneous voltage-current (V-Z) relationship of the BF cholinergic cells is markedly nonlinear displaying a pronounced upturn at the negative end of the I/-Z plot (Fig. 20) . Finally, a conspicuous electrophysiological feature by which BF cholinergic cells are clearly distinguished is their ability to generate a series of low-threshold rhythmic bursts at a slow frequency (0.5-3 Hz) both in response to a square long-lasting current pulse and, most distinctively, when slowly depolarized from their resting V,,. A typical case is illustrated in Figure 3 .
Note that the cell reacted with two bursts of action potentials when depolarized slowly (7.6 mV/sec) from its resting V, (-70 mV) to about -60 mV (Fig. 3, left) . A minor step depolarization from this voltage level then triggered a train of three bursts followed by repetitive single spiking (Fig. 3, right) . Generally, the low-threshold bursting did not persist, except in one case (not shown). Schematics based on camera lucida drawings of incubated tissue slices. Nomenclature is after Gritti et al. (1993) . UC, anterior commissure; CPU, caudoputamen; A& nucleus accumbens; MS, medial septal nucleus; DBB, nucleus of the diagonal band of broca; OTu, olfactory tubercle; GP, globus pallidus; MCPO, magnocellular preoptic nucleus; SZ, sub-
ciated with a decrease in the apparent input conductance (G,), as was evident when the membrane potential was returned to its resting level by DC hyperpolarization (Fig. 4A) . Analysis of the voltage-current relationship before and after application of NT (n = 5) revealed an increase in the slope of the V-Z plot that was most prominent at potentials positive to about -75 mV (Fig. 4C) . The control and NT V-Z plots typically intersected at -86.7 + 2.3 mV, but did not display an obvious crossing point except in one case. The NT-induced decrease in G, was on average 66.6 f 22.3% at membrane potentials from -70 to -60 mV whereas it only amounted a 14.9% f 5% in the voltage range from -75 to -85 mV.
The amplitude of the NT-induced depolarization ranged from 6 to 12 mV and, as in the cell illustrated in Figure 4A , was usually large enough (n = 3 1) to bring the cells to firing threshold. Remarkably, the NT action was always associated with a pronounced enhancement of the bursting activity. Note in Figure  4B (enlargement from A) that the NT-driven firing consisted of prominent bursts of spikes. The burst-enhancement effect of NT is illustrated in more detail in Figure 5 (same cell as in Fig. 4) . A typical DC-driven low-threshold response consisting of a spikedoublet followed by a sAHP is shown in Figure 5A . At the peak of the NT action (-3 min after beginning of NT application) the low-threshold discharge was greatly enhanced and consisted (B) . Note that the all-or-none low-threshold burst response elicited from rest became inactivated with depolarization. C, Transient outward rectification revealed by the delayed return to baseline at the break of hypeqolarizing current pulses of increasing amplitude applied from a depolarized membrane potential level. D, Voltage-current relationship of BF cholinergic neurons. Note the prominent upturn at the negative end of the V/Z plot demonstrating robust inward rectification. Measurements were taken from the responses to hyperpolarizing-depolarizing current pulses from the cell depicted in the inset (same neuron as c). Figure 3 . Low-threshold burst responses are characteristically elicited in BF choline@ neurons by slow-ramp depolarizations. A cholinergic cell was slowly depolarized (7.6 mV/sec) from its resting level to --6OmV where it reacted with two bursts of high-frequency action potentials (left). A further minor step depolarization from this voltage level then triggered a series of three more burst responses (asterisks) followed by single spiking (right). Insets 1 and 2 illustrate at an expanded time base the first burst reponse and single spike response, respectively.
of a robust burst of four spikes (Fig. 5B ). This effect was associated with a pronounced reduction of the sAHP (Fig. 5C ). As illustrated in Figure W -F, the NT-burst enhancement typically outlasted the depolarizing action by at least 5 min. In control, application of a 0.1 nA depolarizing current pulse from the resting membrane potential (-70 mV) triggers a low-threshold "doublet" and a 0.2 nA pulse drives single spiking (Fig. 5D ). During the NT-induced G, decrease, the largest pulse applied from the same voltage level triggers prominent bursting (Fig.  5E ). Following 10 min of NT washout, upon return of the membrane potential and G, to their resting levels, the same current pulse still triggers enhanced burst responses (Fig. 5F ), although these are now followed by prominent AHPs. Enhanced bursting was always observed to apparently outlast the membrane potential and Gi recovery by 5-20 min before returning itself to control levels. The ability of NT to profoundly affect the firing pattern of BF cholinergic neurons became most apparent after prolonged (3-4 min) applications of the peptide. In most cells tested in this manner (three out of four), and occasionally during shorter applications (n = 3), NT caused the development of a very complex periodic bursting pattern (Fig. 6 ). Figure 6A (al) shows the firing behavior of a BF cholinergic cell immediately following 4 min superfusion with 1OOnM NT in the absence of any holding current. The cell was depolarized by about 10 mV from its resting level (--67 mV) and displayed a repetitive sequence of complex trains of activity at a very low frequency (about 0.2 Hz). Each train was initiated by a series of burst responses that appeared to ride on a depolarizing envelope (Fig. 6A, a2) and was terminated by a slow AHP. Figure 6B shows that following 8 min of NT washout the cell had repolarized back toward its resting level. However, at this point a minor DC depolarization (-10 pA; Fig. 6B , arrow) triggered the emergence of a lowthreshold rhythmic bursting pattern at a frequency of about 1.5 Hz. That the complex bursting activity was intrinsically generated by the recorded cell and not synaptically driven by network activity was evidenced by two facts: (1) the phenomenon was voltage-dependent, being completely abolished by hyperpolarization (not shown), and (2) similar oscillatory activity was also observed following Na+ -conductance blockage with TTX (1 mM) (see below).
Specificity of NT actions
To examine whether the NT responses were due to a specific effect of the peptide, we compared the actions of active and nonactive fragments of the peptide (NT8-,3 and NT,,, respectively). As illustrated in Figure 7 , the depolarization (Fig. 7A) and burst enhancement actions of NT (Fig. 7B) were entirely reproduced by bath application of NT,-,, (SO-100 nM, n = 7).
By contrast, NT,, (n = 4) failed to induce any detectable effect on the membrane properties of the cholinergic cells (not shown).
In addition, bath application of neuromedin N (100 nM; n = 2), a peptide derived from the same precursor molecule as NT and known to bind to the same high-affinity receptor (Checler et al., 1986; Dobner et al., 1987) , triggered a membrane potential depolarization associated with a decrease in apparent G, and an enhancement of the bursting behavior of the cholinergic cells (not shown).
Ident$cation of NT's sites of action
In order to assess whether the observed responses to NT were the result of a direct effect of the peptide on the recorded cells, we used two complementary approaches. First, we analyzed the actions of NT on the membrane properties of BF cholinergic Synaptic uncoupling and oscillation. Very much as observed in control Ringer's solution, NT caused a membrane potential depolarization associated to a decrease in apparent Gi during synaptic transmission block both with TTX (1 p; n = 9; Fig.  84 ) and with a low-Ca*+ (0.5 mM), high-Mn*+ (4 mM) containing solution (n = 4; not shown). Typically, in the presence of TTX, the depolarization brought the membrane potential of the cells to the threshold for the LTS that underlies the "doublet-burst" responses of the cells . Note in Figure 8 , A and B, that prominent LTSs develop at the break of the test hyperpolarizing current pulses applied during the NT-induced depolarization ( Fig. 8A, arrow;B) . The LTS enhancement is illustrated in more detail in Figure 8C -E (same cell as Fig. 8A ). Figure 8C illustrates the characteristic LTS evoked by constant current-pulse depolarization from the resting membrane potential of the cell (-70 mV) in control Ringer's solution. In Figure  80 , a LTS is evoked from the same membrane potential during the NT-induced G, decrease. The control and NT LTSs have been superimposed in Figure 8E . Note the prominent increase in the amplitude, as well as in the rate of rise and duration of the LTS during NT.
A diversity of mechanisms may be responsible for the LTS enhancement by NT. Since BF cholinergic neurons possess a prominent TOR that develops at a similar voltage range to that of LTS activation (Fig. 2C) , a reduction of this rectification by NT may account, at least in part, for the LTS enhancement. As illustrated in Figure 9A -C, in all cases NT indeed caused a substantial reduction of the delayed return to baseline at the break of hyperpolarizing current pulses that is consistent with an NT-induced decrease of the transient outward rectifier.
The membrane oscillatory behavior induced by NT (Fig. 6 ) appeared to be dependent on the activation of CaZ+ conductances but not Na+ conductances, since it was not present during Ca2+ -conductance block with Mn2+ but was always observed in the presence of TTX (Fig. 10) . Figure 1OA illustrates bursting oscillations in a BF cholinergic cell during the peak response to a 1 min application of NT (100 nM). The peptide had produced a subthreshold depolarization of the cell to about -60 mV. A small DC depolarization from this voltage level (Fig. 1 OA, arrow in the current trace) triggered the complex bursting pattern. Following NT washout (20 min) and during Na+-conductance block with TTX (1 PM), the peptide (100 nM) was reapplied for 1.5 min. Figure 10B illustrates the voltage behavior of the cell in response to membrane potential manipulation during the peak of the NT action. At the beginning of the trace, the cell was held at about -65 mV by hyperpolarizing constant current injection that was then slowly and completely released (two arrows). The depolarization triggered two prominent LTSs before the cell became silent at its resting membrane potential. From this voltage level, a minor DC depolarization (asterisk) triggered the emergence of a rhythmic oscillatory phenomenon. At steady state (Fig. lOB, right half of trace), the oscillation consisted of rather slow (300-800 msec in duration), 1 O-l 5 mV regenerative events arising from a membrane potential of about -45 mV and separated by a low-amplitude slow AHP. The frequency of the oscillatory event (-0.2 Hz) closely matched that of the complex bursting during NT action in the absence of TTX (Fig. lOA) . It must be noted that the emergence of the persistent rhythmic oscillatory activity required the application of NT and disappeared following 10 min of NT washout (not shown). Confocal microscopic identification of NT targets. To provide further evidence for a direct effect of NT upon recorded cells, we substituted for the native peptide a fluoresceinylated derivative (N-a-fluoresceinyl thiocarbamyl-{Glu'}NT; flue-NT) known to bind with the same selectivity and affinity as NT to central high-affinity NT receptors . We then followed the fate of fluo-NT by CLSM after filling the recorded cells with biocytin.
In a first set of experiments designed to confirm the biological activity of fluo-NT, the effects of the fluorescent peptide on electrophysiologically identified BF cholinergic cells were compared to those of native NT (Fig. 11) . Figure 11A shows the membrane voltage behavior of a BF cell during a slow, manually driven, ramp depolarization in control Ringer's solution. The neuron displayed the unequivocal voltage behavior of BF cholinergic cells (Fig. 3) by reacting with a pair of bursts of spikes each followed by a deep AHP (Fig. 1 lA, asterisks) when depolarized to about -55 mV. Bath application of fluo-NT (100 nM, 1 min) triggered a membrane potential depolarization of about 15 mV associated with a decrease in apparent G, (Fig.  11B ). This depolarization brought the cell to firing threshold and caused the development of a persistent rhythmic bursting pattern (Fig. 1 l&C) . Fluo-NT induced a prominent enhancement of the individual bursts and a concomitant block of the sAHP (Fig. 11 C) . Similar responses were obtained in all cells tested with fluo-NT (n = 8) proving that the fluoresceinylated derivative had the same biological activity as native NT. CLSM examination of brain slices fixed 45 min after l-3 min bath application of 20-100 nM fluo-NT revealed the presence of numerous fluorescent neuronal perikarya distributed throughout the medial septum, diagonal band of broca, and substantia innominata (Fig. 12~) . These fluo-NT-labeled cells were large and multipolar in shape, in keeping with published descriptions of BF cholinergic neurons (Armstrong et al., 1983) . A few also exhibited prominent fluorescent labeling of one or several proximal dendritic processes (Fig. 12b) . Serial optical sectioning of fluo-NT-labeled neurons indicated that the bulk of the fluorescent labeling was located inside the perikaryon of the cell rather than on the cell surface (Fig. 12a,b) . At high magnification of IO-urn-thick optical sections scanned at high resolution, the label was seen to be concentrated within small (l-2 pm in diameter) granular "hot spots" reminiscent of endocytic vesicles (Fig. 12a,b) . Although many of these fluorescent granules approximated the nuclear membrane, few if any were actually detected inside the nucleus.
Cholinergic cells intracellularly injected with biocytin and subsequently treated with streptavidin-Texas red exhibited intense fluorescent labeling of their perikarya and dendritic arbor (Fig. 12~) . All of these biocytin-filled cells (n = 5) were also responsive to and stained positively for fluo-NT (Fig. 12df) . Merging of the two confocal images confirmed the colocalization of the two markers.
NT actions on other electrophysiologically distinct BF neurons A significant proportion of recorded neurons (36%) displayed an electrophysiological profile distinct from that of the cholinergic cell type we have considered so far. The electrophysiology of this second group of cells was nevertheless heterogeneous. One category (Mtihlethaler et al., 1992) has recently been found to correspond to fast-spiking non-ChAT-immunoreactive neurons (to be described in detail elsewhere; A. Alonso, A. Khateb, P. Fort, B. E. Jones, and M. Mtihlethaler, unpublished observations) . We tested the effects of bath application of NT (100 nM, 2 min) in four of these noncholinergic neurons. No significant effect on the membrane properties of these cells were observed.
We also tested NT on another distinct group of BF neurons (Fig. 13) . Similarly to the bursting BF cholinergic cells that we have dealt with above, these neurons (n = 15) also displayed prominent TOR and fast inward rectification. However, in contrast to the bursting BF cholinergic cells, this category of neurons did not display a voltage-dependent switch in firing pattern. Firing always consisted of single broad spikes followed by a large-amplitude slow AHP with no depolarizing afterpotential ( Fig. 134 . NT (100 nM) was bath applied to five of these cells. All of them responded with a robust (> 10 mV) membrane potential depolarization associated with a decrease in apparent Gi that sustained repetitive firing (Fig. 13B) . The slow AHP was largely abolished by NT (Fig. 13C ) though burst firing was never elicited by NT in these cells.
Discussion
The present results indicate robust neuromodulatory actions of NT on BF cholinergic neurons. NT caused membrane depolarization associated with a decrease in apparent Gi and, most significantly, affected several membrane properties leading to the emergence of a remarkable rhythmic bursting pattern. These effects were direct since NT also induced V,n depolarization and oscillation during synaptic uncoupling. Moreover, confocal microscopic examination of the responsive cells after fluo-NT application and intracellular biocytin labeling demonstrated that they had systematically bound and internalized the peptide.
NT internalization
Confocal microscopic experiments indicated that fluo-NT had selectively associated with a selective subset of BF neurons. Demonstration that these cells were cholinergic was recently provided by double labeling experiments showing that virtually all fluo-NT-labeled BF neurons were ChAT immunopositive (M. P. Faure, A. Alonso, D. Nouel, G. Gaudriault, M. Dennis, J. P. Vincent, and A. Beaudet, unpublished observations). These results conform with previous EM autoradiographic experiments that had shown NT receptors to be associated with the plasma membrane of BF cholinesterase-positive cells (Szigethy et al., 1990) . A major finding of the present study, however, was that fluo-NT molecules were detected within the cytoplasm of perikarya and dendrites of the cholinergic cells. This implies that fluo-NT molecules had been internalized subsequently to their association with and activation of cell surface receptors. NT internalization has previously been documented in primary neuronal cultures (Mazella et al., 199 1; Vanisberg et al., 199 1; Chabry et al., 1993) where it has been found to be both ligand induced and receptor mediated ( NT actions and bursting mechanism in BF cholinergic cells endocytosis has been shown to be subserved by the endosomal Previous studies have shown NT to exert direct excitatory effects compartment (Hopkins et al., 1990; Parton et al., 1992) . on a variety of CNS neurons (Nicoll, 1978; Sawada et al., 1980;  Control 50mV . NT induces rhythmic membrane potential oscillations after Na+-conductance block. A, Complex bursting pattern during the peak response to a 1 min application of NT (100 nM). Bursting oscillatory activity emerged following DC depolarization (arrow) from the resting level to --50 mV. Note that the intertrain membrane potential trajectories are always positive to -55 mV (dotted he) with the exception of sAHPs following the two initial discharges. B, Same neuron. Rhythmic membrane oscillatory activity during the peak response to NT (100 nM, 1 min) applied 20 min after beginning of washout from A and during Na+-conductance block with TTX (1 FM). Two LTSs are evoked at the beginning of the trace upon release of DC hyperpolarization (two arrows). A minor DC depolarization from the resting level (asterisk) then triggered rhythmic persistent membrane potential oscillations at about the same frequency as in A. The broken fine in the current trace indicates the period of 0 holding current. Stanzione and Zieglgansberger, 1983; Pinnock, 1985; Behbehani et al., 1987; Audinat et al., 1989; Seutin et al., 1989; see Shi and Bunney, 1992 , for recent review). Moreover, a recent report on the effects of NT on BF cholinergic neurons in primary cell culture described a G, decrease accompanied by an inward current reflecting membrane depolarization (Farkas et al., 1992) . Our analysis of the V-Z relationship before and after NT application revealed that the control and NT V-Z plots intersected, though they did not always crossed, at -87 mV, suggesting that the NT-induced depolarization could be due to a decrease in a K+ conductance (Farkas et al., 1992) . We also observed that the NT action was at least partially voltage dependent since the G, decrease was larger at potentials positive to -70 mV. This may reflect a voltage-dependent component in the potential K+ outward current blocked by NT. However, other depolarizing mechanisms reported for some peptides acting on CNS neurons (e.g., activation of a voltage-dependent and TTX-insensitive Nat current; Raggenbass et al., 1991) may have participated in the NT-induced depolarization.
In addition to the effects on V, and Gi, NT also acted on other electrophysiological features of the BF cholinergic cells. Remarkably, the characteristic Ca*+-dependant low-threshold doublet-discharge of these cells ) became a much longer burst of three to five spikes under NT. This burst enhancement was associated with a pronounced reduction of the concomitant sAHP, suggesting that NT acted by blocking a Caz+-dependent potassium conductance (Hille, 1992) . Interestingly, enhanced bursting was still present after recovery of the sAHP, V,, and Gi. This suggests that the NT burst enhancement is in part independent of its effects on V, and Gi.
BF cholinergic neurons are also endowed with TOR that was reduced by NT. This effect facilitated membrane repolarization and, thus, the activation of the inward current(s) underlying the bursting behavior. Our observation that NT induced an increase in the amplitude and duration of the LTS may have resulted from such NT action (McCormick, 199 1) .
The modulation by NT of multiple membrane conductances promoted rhythmic bursting and the development of complex spindle-like bursting sequences. In discussing these data, it helps to consider the low-threshold bursting properties of thalamo- cortical relay cells (TCs) (Jahnsen and LlinBs, 1984a,b; Coulter et al., 1989; Crunelli et al., 1989; McCormick and Pape, 1990; McCormick and Huguenard, 1992) . The LTS of TCs is generated by a low-threshold Ca2+ current (I,& that activates positive to -70 mV with complete inactivation at -60 mV (Coulter et al., 1989) . I,(,=) rate of inactivation is fast so that membrane depolarization at a slow rate (~30 mV/sec) fails to generate a LTS (Crunelli et al., 1989) . In some TCs, rhythmic bursting depends on the interplay of Z,(,cj and a time-dependent inward rectifier McCormick and Pape, 1990) . Because of the biophysical properties of Z,(,cj and I,,, TCs oscillate at V,,, values negative to -70 mV. BF cholinergic neurons' oscillatory-bursting mechanism presents clear differences from that of TCs. First, the LTS in BF cholinergic neurons can be triggered from a V, of -60 mV (where btcj inactivation is complete) and by very slow ramp depolarizations (incompatible with the slow inactivation kinetics of Z,&. Also, BF cholinergic neurons display robust fast inward rectification at V,, values negative to -70 mV. This makes electroresponsiveness difficult at those voltages where TCs oscillate.
Thus, oscillatory-bursting in BF cholinergic cells may be driven by a different type of Ca*+ current than in TCs (Huguenard and Prince, 1992; Huguenard et al., 1993) . Indeed, a recent whole-cell, patch-clamp study ofdissociated BFcholinergic neurons from early postnatal rats ) describes a prominent low-threshold transient Ca*+ current with both an unusually positive threshold of activation (-55 mV) and halfinactivation potential (-50 mV), and slow inactivation kinetics (td -80 msec at -50 mV). These neurons also display more sustained Ca*+ currents at a threshold 1 O-20 mV more positive than the low-threshold current (see also Klink et al., 1993) .
The NT-induced depolarization brought the V,, of the cholinergic cells frdm its negative resting level (--68 mV), into the range of activation of the Ca2+ currents. Persistent rhythmic oscillations of prolonged bursts probably developed as a result of enhanced Ca2+-mediated potentials, an effect likely caused by, at least, a reduction of outward K+ currents. During NT maximal responses, oscillations occurred at potentials well positive to -55 mV and frequently shaped into repetitive spindlelike trains of bursting activity with minimal sAHPs. This result indicates that the high-threshold Ca* currents largely contributed to the maintenance of NT-induced complex oscillations.
In addition to its effects on bursting BF neurons, NT also depolarized another distinct group of BF neurons that had the electrophysiological characteristics of those identified as cholinergic cells by Markram and Segal(l990) in the medial septumdiagonal band complex (see also Griffith and Mathews, 1986; Griffith, 1988) . Indeed, all our nonbursting NT-responsive cells were recorded within the horizontal limb of the diagonal band. These data suggest the existence ofdifferent BF cholinergic "subsystems."
In agreement with the selective association of NT receptors with cholinergic cells in the BF (Szigethy et al., 1989 (Szigethy et al., , 1990 Figure 13 . NT also depolarizes nonbursting, potentially cholinergic, BF neurons that displayed broad spikes followed by large-amplitude longlasting afterhyperpolarizations. A, Depolarizing constant-current pulse injection elicits broad spikes followed by a large-amplitude sAHP in a BF neuron. B, Bath application of NT to this cell elicits a membrane potential depolarization associated with a decrease in input conductance and sustains repetitive single spiking. C, Superimposition of an action taken potential before (control) and during NT action. Note that similarly to the bursting cholinergic cells, NT substantially reduced the sAHP.
activation. Indeed, several studies have identified a group of BF projection neurons that fire at low rates during slow-wave sleep (SWS) and increase their rates during waking and paradoxical sleep (D&u-i and Vanderwolf, 1987; D&%-i et al., 1984 Buzsaki et al., 1988) . Interestingly, many of these cells switched to a bursting mode during SWS (Dttlri et al., 1987) . This observation may help to interpret other contrasting investigations implicating the BF in the control of sleep (Sterman and Clemente, 1962; McGinty, 1986, 1989) . One may envisage the rhythmic bursting pattern of BF cholinergic cells to operate during SWS while single spiking could be implemented during cortical arousal. Clearly, for a thorough understanding of the role of NT in BF function, further information on the neurophysiological and chemoanatomical organization of the BF is needed. For instance, the origin of the BF NT innervation is still unknown. Furthermore, NT actions should be considered in the context of its interactions with other neurotransmitters acting on BF cholinergic cells. The BF receives afferents from multiple neurotransmitter systems involved in the control of behavioral state (Jones and Yang, 1985; Semba et al., 1988; Jones and Cuello, 1989) but little is known of the actions of those neurotransmitters impinging upon BF cholinergic cells, though some advances have recently been made (Khateb et al., 199 1; Fort et al., 1993; Khateb et al., 1993) .
Probably because of the paucity of information on the BF, the actions of NT on the cholinergic cells appear puzzling. By inducing depolarization and G, decrease, and by blocking both the TOR and the sAHP, NT can efficiently increase the responsiveness and activity of BF cholinergic cells. This is compatible with a role ofNT in promoting cortical activation (Caste1 et al., 1989) . However, the depolarizing effect of NT is accompanied by an enhancement of the BF cholinergic neurons oscillatory bursting. It might be that an enhanced complex-bursting pattern is indeed present during waking to promote ACh release. Such fifing behavior may engage limbic cortices into theta oscillations. Indeed, limbic theta rhythmicity accompanies neocortical (apparent) desynchronization (Green and Arduini, 1954; Vanderwolf, 1969) and both processes are controlled by BF cholinergic influences (Stewart et al., 1984; Bland, 1986; Casamenti et al., 1986; BuzsZlki et al., 1988; Stewart and Fox, 1990; Metherate et al., 1992) . On the other hand, it may be that the awakening effect reported after intracerebroventricular injections of NT (Caste1 et al., 1989) results from NT actions outside the BF. If so, an important role of the NT-induced rhythmic bursts may be that of modulating slow forebrain rhythms. The BF projects heavily upon the cortical mantle and receives a direct cortical feedback (Lemann and Saper, 1985; Cames et al., 1990) . In addition, both cholinergic and noncholinergic BF neurons project upon the thalamic nucleus reticularis (Steriade et al., 1987) , which is a key element in the generation of different forms of oscillatory rhythms in the thalamocortical network (Steriade et al., 1985 (Steriade et al., , 1986 (Steriade et al., ,1993 Steriade and Llinls, 1988; von Krosigk et al., 1993) . Under NT modulatory actions, the BF may perhaps be engaged as one more synaptically coupled oscillator to the thalamic and cortical neuronal populations involved in the generation ofbasic slow wave rhythms of the forebrain.
